Owing to climate change and depletion of fossil fuels, research in the field of biotechnology has been accelerated towards a biorefinery system for producing biofuels and biochemicals from renewable resources[@b1]. In particular, lignocellulosic biomass has received great attention, because it is the most abundant bioresource in nature and does not compete with the food chain[@b2]. To develop an efficient biorefinery process, pretreatment to breakdown or loosen highly resistant lignin is one of the key steps and thus various physical, chemical, and biological approaches have been attempted[@b3].

In nature, heme-containing peroxidases are known to be responsible for the pretreatment: lignin peroxidase (LiP, E.C. 1.11.1.14), manganese peroxidase (MnP, E.C. 1.11.1.13), versatile peroxidase (VP, E.C. 1.11.1.16), and dye-decolorizing peroxidase (DyP, E.C.1.11.1.19)[@b4][@b5][@b6][@b7]. They essentially require hydrogen peroxide as the electron acceptor and catalytic oxidative reactions have been usually conducted under acidic pH conditions (pH 3.0--pH 4.5) and moderate temperatures (25--37°C)[@b6][@b8][@b9]. Even if they are widely distributed in nature, most of identified peroxidases are originated from fungi such as *Phanerochaete chrysosporium*[@b9][@b10].

Bacterial peroxidase is advantageous over fungal peroxidase because bacterial strains are more amenable to protein engineering for improving catalytic properties[@b11]. However, information about bacterial peroxidase is very limited due to a lack of identified microorganisms and enzymes exhibiting ligninolytic potential. Until now, *Streptomyces* *viridosporus*, *Pseudomonas putida*, and *Rodococcus jostii* have been researched as bacterial strains being involved in lignin degradation[@b12][@b13][@b14]. In addition, recently, *Bacillus* strains have been isolated as potential lignin-degrading bacteria[@b15][@b16][@b17], even though they have not been well-known as lignin-degrading bacteria until a few years ago.

Herein, we aimed to identify a biocatalyst in *Bacillus* species exhibiting a potential lignin-degrading activity. Based on veratryl alcohol (VA) oxidation test[@b9], which is usually used to assay a lignin-degrading biocatalyst, *Bacillus subtilis* KCTC 2023 was chosen as the potential lignin-degrading *Bacillus* strain and then the putative heme-containing dye-decolorizing peroxidase (BsDyP) was found in its genome. Interestingly, BsDyP exhibited substrate-dependent optimum temperature: BsDyP showed optimal oxidation activity for high redox potential substrates over +1.0 V vs. normal hydrogen electrode (NHE) such as 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS), VA, and a β-ether dimer lignin model compound (veratryl glycerol-β-guaiacyl ether \[VGE\])[@b18][@b19] at 50°C, but the optimum temperature for decolorizing dyes (Reactive Black5 and Reactive Blue19) requiring relatively low redox potential (\< 1.0 V vs. NHE)[@b20][@b21] was determined at 30°C. Furthermore, the relative activity of the high redox potential substrates at 30°C was significantly lower than that at 50°C. Thus, by discovering substrate-dependent optimum temperature profiles of BsDyP, we could identify BsDyP as the bacterial peroxidase with the highest VA oxidation activity among bacterial heme-containing peroxidases previously reported as well as the first one decomposing VGE by cleaving C~α~-C~β~ bond independently of oxidative mediators at 50°C. Accordingly, the unique characteristics of BsDyP presented in this study would provide an insight for elucidating the previously unknown temperature-dependent bacterial lignin-degradation process and great opportunities to realize microbial pretreatment for producing biofuels and biochemicals from lignocellulosic biomass.

Results
=======

Screening of veratryl alcohol (VA) oxidation-positive *Bacillus* species
------------------------------------------------------------------------

Until now, the lignin-degrading peroxidase such as LiP has been widely assayed with VA as the substrate[@b8][@b22][@b23][@b24]. In order to screen *Bacillus* species secreting the lignin-degrading biocatalyst, VA oxidation test was conducted using cell-free supernatant after two days cultivation of four *Bacillus* species (*B. subtilis* KCTC 2023, *B. subtilis* ATCC6051, *B. licheniformis* ATCC14580 and *B. amyloliquefacience* subsp. *plantarum* 10A6), because it was already reported that *B. subtilis*, *B. licheniformis*, and *B. amyloliquefaciens* were involved in lignin-degradation[@b15][@b25]. As shown in [Figure 1](#f1){ref-type="fig"}, *B. subtilis* KCTC 2023 and *B. amyloliquefacience* subsp. *plantarum* 10A6 exhibited VA oxidation activity, but *B. subtilis* ATCC6051 and *B. licheniformis* ATCC14580 did not oxidize VA at all. Comparing the initial oxidation rate, *B. subtilis* KCTC2023 showed the highest VA oxidation activity among the tested *Bacillus* species, while *B. amyloliquefacience* subsp. *plantarum* 10A6 retained 52% activity of *B. subtilis* KCTC2023. Based on the highest ability for oxidizing VA to veratryl aldehyde, we examined the genome of *B. subtilis* KCTC2023 to explore the biocatalyst responsible for VA oxidation and then chose a putative heme-containing dye-decolorizing peroxidase (BsDyP, accession number:WP_003222196) as a potential VA-oxidizing biocatalyst. According to BLAST search, the putative heme-containing peroxidase is commonly discovered in the genome of *Bacillus* species with high identities ranging from 96% to 100% (data not shown).

Expression and reconstitution of recombinant BsDyP
--------------------------------------------------

To obtain a sufficient amount of BsDyP for further characterization, recombinant BsDyP in *Escherichia coli (E. coli)* was prepared. To improve the expression level, BsDyP was induced with 1.0 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at low temperature (18°C) for 24 hours and a high expression level was achieved[@b1]. As a result, BsDyP was successfully expressed up to 2.10 mgmL^−1^ and purified using Ni-NTA column as a 48 kDa protein. BsDyP was expressed in two forms due to the N-terminal twin Arg sequence involving the TAT secretion machinery, commonly discovered in DyPs[@b26] (see [Supporting Information](#s1){ref-type="supplementary-material"}).

At first, BsDyP activity was assayed using ABTS as the common substrate for heme-containing peroxidase. However, the specific activity of the purified BsDyP was only 0.15 Umg^−1^ for ABTS, probably due to the apo-expression lacking heme in the active site. To reconstitute the apo-BsDyP to holo-BsDyP, hemin treatment was conducted and the reconstitution was evaluated by R~z~ value (A~soret~/A~280~)[@b12]. After the reconstitution, a 6.1-fold higher R~z~ value was obtained, from 0.23 to 1.41 ([Figure 2](#f2){ref-type="fig"}), indicating successful reconstitution of BsDyP. The specific activity of the reconstituted-BsDyP (66.8 Umg^−1^ with ABTS) was also 445-fold higher than the native-BsDyP ([Figure 2](#f2){ref-type="fig"}). Accordingly, further experiments were conducted with the reconstituted-BsDyP.

Substrate spectrum of BsDyP
---------------------------

To investigate which substrate could be oxidized by BsDyP, various substrates including common organic dyes for a dye-decolorizing biocatalyst (Reactive Black5 and Reactive Blue19), substrates used in screening lignin-degrading biocatalyst (ABTS and VA), and β-aryl ether containing β-O-4 bond as a lignin dimer model (VGE) were tested at pH 3 and 30°C. After testing the dyes, BsDyP exhibited decolorizing activity to varying extents (data not shown). The peroxidase database (<http://peroxibase.toulouse.inra.fr/index.php>) classifies heme peroxidases into 6 groups: non-animal peroxidase, animal peroxidase, haloperoxidase, di-heme cytochrome c peroxidase, catalase, and DyP. It is known that the structure and reaction mechanism of DyP are definitely distinct from those of other peroxidases[@b27][@b28]. For example, DyP is able to oxidize anthraquinone compounds[@b28][@b29], but other peroxidases do not in the least. Thus, this result demonstrates that BsDyP with the catalytic activity for Reactive Blue19, one of the anthraquinone-dyes, belongs to DyP.

In addition to dye-decolorizing activity, BsDyP showed ABTS and VA oxidation activity at pH 3 and 30°C (data not shown). Considering that *B.* s*ubtilis* KCTC 2023 was initially screened as a potential lignin-degrading bacterium by VA oxidation assay, BsDyP might take some part in the VA oxidation reaction in the screening step. Interestingly, BsDyP also utilized VGE as a substrate, usually used as a dimeric lignin including β-O-4 linkage. This BsDyP activity on the oxidation of lignin-related substrates is very remarkable because there have been only a few reports on a VA oxidation-positive bacterial biocatalyst and even no report on a VGE-decomposing bacterial biocatalyst.

Optimum temperature of BsDyP is dependent on substrates
-------------------------------------------------------

Prior to measuring the specific activity of BsDyP for each substrate, the optimum pH and temperature of BsDyP were determined. As shown in [Figure 3A](#f3){ref-type="fig"}, the optimum pH of BsDyP was determined at pH 3.0 as usually seen in peroxidase and a narrow pH range was observed for all the substrates. The decolorization of Reactive Blue19 (anthraquinone-dye) and Reactive Black5 (azo-dye), which are organic dyes usually required relatively low redox potential (\<1.0 V vs. NHS)[@b20][@b21], was optimized at 30°C ([Figure 3B](#f3){ref-type="fig"}). Notably, the optimum temperature of BsDyP for oxidizing relatively high-redox potential substrate over +1.0 V vs. NHS such as ABTS, VA, and VGE[@b18][@b19] was 50°C although *B. subtilis* is not thermophilic bacteria. Atypical optimum temperature distribution categorized in two groups at 30°C and 50°C is clearly shown in [Figure 3B](#f3){ref-type="fig"}. In addition, the relative activity at the other group\'s optimum temperature was significantly lower compared to that at its own optimum temperature. For example, in the case of ABTS, VA, and VGE, the relative activity of BsDyP at 30°C was only 30--55% of the optimum activity at 50°C.

Specific activities of BsDyP for the dyes, ABTS, and VA
-------------------------------------------------------

Specific activity of BsDyP was determined at the optimum conditions of Reactive Blue19, Reactive Black5, ABTS, and VA. BsDyP decolorized Reactive Blue19 and Reactive Black5 with a specific activity of 11.55 Umg^−1^, and 17.65 Umg^−1^, respectively ([Table 1](#t1){ref-type="table"}). For ABTS and VA, the specific activities of BsDyP were 66.80 Umg^−1^ and 0.13 Umg^−1^, respectively.

The specific activity of BsDyP for the dyes, ABTS, and VA was compared with previously reported bacterial peroxidases ([Table 1](#t1){ref-type="table"}). Comparing specific activity of DyP from thermophilic actinomycete *Thermobifida fusca* (*Tfu*DyP)[@b22], BsDyP showed 2.7- and 294-fold higher specific activity for Reactive Blue19 and Reactive Black5, respectively. DyP from the cyanobacterium *Anabaena* species (AnaPX) revealed that the decolorization activity for azo-dye (Reactive Black5) was much lower than that for anthraquinone-dye (Reactive Blue19)[@b30]. Both *Tfu*DyP and AnaPX were much more active for anthraquinone-dye (Reactive Blue19) than azo-dye (Reactive Black5), but BsDyP slightly preferred azo- than anthraquinone-dye. DyP from *R.* *jostii* showed significantly higher ABTS oxidation activity in the presence of MnCl~2~, implying a role of Mn^II^ as an oxidative mediator[@b12]. Compared to DyP from *R.* *jostii*, BsDyP exhibited 5.1- and 43.4-fold higher specific activity for ABTS oxidation without any oxidative mediator. Recently, Santos et al. reported two bacterial DyPs from *Pseudomonas putida* MET94 (PpDyP) and *Bacillus subtilis* (B-DyP). BsDyP possessed 1.7- and 4.5-fold higher ABTS oxidation activity than PpDyP and B-DyP. Furthermore, in case of VA oxidation activity, BsDyP retained 13.0-, 2.1 × 10^4^- and 3.0-fold higher VA oxidation activity compared to *Tfu*DyP, PpDyP, and LiP from *Acinetobacter calcoaceticus*, respectively[@b22][@b23][@b26]. Overall, as clearly shown in [Table 1](#t1){ref-type="table"}, BsDyP exhibited the highest ABTS and VA oxidation activity among the bacterial peroxidases previously reported.

BsDyP decomposes dimeric lignin VGE by cleaving C~α~-C~β~ bond
--------------------------------------------------------------

BsDyP was supposed to decompose dimeric lignin VGE by cleaving the C~α~-C~β~ bond and finally producing veratryl aldehyde and guaiacol as shown in [Figure 4](#f4){ref-type="fig"}[@b12][@b31]. By measuring veratryl aldehyde concentration, the specific activity for VGE decomposition was determined to be 0.086 Umg^−1^. BsDyP activity on VGE is noteworthy because there has been no report on bacterial enzymes decomposing VGE. Recently, Ahmad *et al*. reported that DyP from *R. jostii* RHA1 decomposed guaiacylglycerol-β-guaiacyl ether (GGE), a dimeric lignin model compound including the β-O-4 bond, to vanillin and guaiacol with a specific activity of 0.017 Umg^−1^ in the presence of MnCl~2~ as shown in [Table 1](#t1){ref-type="table"}[@b12]. However, DyP from *R.jostii* RHA1 showed Mn^II^ --dependent activity, implying that Mn^II^ played an important role as an oxidative mediator in GGE decomposition. Compared to DyP of *R.jostii* RHA1, BsDyP could decompose a lignin dimer model compound without an oxidative mediator like Mn^II^ at the higher activity (0.086 Umg^−1^ vs. 0.017 Umg^−1^), implying a distinguished characteristic of BsDyP from DyP in *R.jostii* RHA1.

In order to further confirm BsDyP activity on VGE, we quantified VGE decomposition to veratryl aldehyde and guaiacol time-dependently. In general, heme-containing peroxidase is not stable in the presence of hydrogen peroxide because hydrogen peroxide easily attacks and destroys the heme group in the active site[@b32]. To minimize the toxic effect of hydrogen peroxide, VGE decomposition was attempted by stepwise adding hydrogen peroxide. Because guaiacol, one of the expected decomposed products, could be easily converted to guaiacol-oligomer in the presence of heme-containing peroxidase, guaiacol was not detected[@b12][@b31]. Thus, VGE and veratryl aldehyde were analyzed by high-performance liquid chromatography (HPLC). When using 0.2 mM of VGE and 1.9 mgmL^−1^ of BsDyP with stepwise feeding of 100 μM of hydrogen peroxide at every sampling point, 107 μM of VGE was consumed and 105 μM of veratryl aldehyde was formed for 2 hours, resulting in a conversion rate of up to 53.5% for 2 hours ([Figure 5](#f5){ref-type="fig"}).

Discussion
==========

Herein, a bacterial peroxidase from *B. subtilis* KCTC2023 (BsDyP) was characterized as a bacterial peroxidase capable of oxidizing various substrates including dyes (Reactive Black5 and Reactive Blue19) and relatively high redox potential substrates (ABTS, VA, and VGE) over +1.0 V vs. NHE. Atypically, BsDyP presented the substrate-dependent optimum temperature as definitely shown in [Figure 3B](#f3){ref-type="fig"}, but optimum temperature of other bacterial peroxidase was not affected by the type of substrates. Recently, Santos *et al*. studied two bacterial DyPs from *P. putida* MET94 (PpDyP) and *B. subtilis* 168 (B-DyP)[@b26]. Unlike BsDyP investigated in this study, (i) B-DyP did not show VA oxidation activity; and ii) PpDyP showed flat optimum temperature profile ranging from 10 to 30°C for all substrates including VA and B-DyP presented optimal temperatures from 20 to 30°C for ABTS and dyes. Compared to PpDyP and B-DyP, the substrate-dependent optimum temperature for BsDyP is an unusual and novel feature.

Occasionally, peroxidase exhibits substrate-dependent optimum pH. For example, fungal DyP from *Irpex lacteus* showed substrate-dependent optimum pH: pH 2.0 for veratryl alcohol; pH 3.0 for 2,6-dimethoxyphenol and Reactive Black5; and pH 4.0 for Reactive Blue19[@b33]. LiPAc was optimized for *n*-propanol at pH 1.0, but the optimum pH was determined at pH 7.0 for decolorization of azo-dyes such as methyl orange and ethylene blue[@b23]. However, the substrate-dependent optimum temperature of peroxidase has not been reported so far. Exceptionally, but not in case of peroxidase, Polgár reported the substrate-dependent optimum temperature in biocatalyst for the first time; Oligopeptidase B (E.C. 3.4.21.83) from *E.coli* HB101, a prolyl oligopeptidase family of serine peptidase, optimally hydrolyzed benzoyl arginine *p*-nitroanilide and benzoyl arginine amide at 25°C, whereas the optimum temperature for benzoyl arginine ethyl ester was determined at 38°C[@b34]. Polgár aimed to thermodynamically elucidate the reason by calculating the activation entropy and enthalpy[@b34], but the reason for the substrate-dependent temperature optimum was not completely elucidated.

It is still not clear what causes substrate-dependent temperature optimum in BsDyP. The substrates shown in [Figure 3B](#f3){ref-type="fig"} could be categorized into two groups on the basis of the redox potential: ABTS, VA, and VGE usually required relatively high redox potential for oxidation over +1.0 V vs. NHE[@b18][@b19], whereas dye-decolorization by the oxidative biocatalysis was more efficient at relatively low redox potential[@b35]: Reactive Black5 and Reactive Blue19 usually requires lower oxidation potential \< +1.0 V vs. NHE in acidic condition[@b20][@b21]. In biocatalytic reactions, although VA, a high redox potential substrate, can be oxidized by LiP, organic dyes efficiently oxidized at low potential are not oxidized by LiP at all[@b6][@b36]. Distinguished from LiP, VP catalyzes both high- (e.g. VA) and low redox potential (e.g. catechol) substrates. For the biocatalytic oxidation of high redox potential substrates, it is generally known that the surface oxidation site and positively-charged environment around the surface oxidation site are necessary. In the relatively low redox potential substrates, two-independent oxidation active sites in VP are involved as shown by biphasic kinetics: the surface oxidation site as the high-specificity site and the main heme access channel as the low-specificity site[@b5][@b37]. As with VP, BsDyP also catalyzed both substrates requiring high- and low redox potential, implying that BsDyP might have a specific oxidation site for the low redox potential substrates different from that for the high redox potential substrates. The substrate redox potential-dependent optimum temperature of BsDyP might be resulted from a difference in the effect of temperature on each active site, but the reason could not be completely understood in this study. Further study on the structure-based catalytic mechanism will make it possible to elucidate the substrate redox potential-dependent optimum temperature in BsDyP.

Compared to bacterial peroxidases previously reported, BsDyP discussed in this study exhibited the highest ABTS and VA oxidation activity. Notably, BsDyP cleaved C~α~-C~β~ bond and then decomposed a dimeric lignin VGE including β-O-4 linkage dominant in lignin (\> 50%) without any oxidative mediator. Furthermore, this is the first report to present BsDyP showing a significant shift of optimum temperature in catalyzing high redox potential substrates, revealing a previously unknown versatility of bacterial lignin-degrading biocatalyst in nature and opening up the possibility for efficient biocatalytic pretreatment of lignocellulosic biomass to produce biofuels and biochemical from lignocellulosic biomass.

Methods
=======

Chemicals and bacterial strain
------------------------------

Four *Bacillus* species, *Bacillus subtilis* KCTC 2023, *B. subtilis* ATCC6051, *B. licheniformis* ATCC14580 and *B. amyloliquefacience* *subsp. plantarum* 10A6 were obtained from Korea Collection for Type Culture (KCTC), American Type Culture Collection (ATCC) and *Bacillus* Genetic Stock Center (BGSC). Phusion High-Fidelity DNA polymerase, pET21a(+) vector, hydrogen peroxide, *E.coli* BL21 (DE3) competent cell, and VGE were purchased from New England Biolabs (Ipswich, MA, USA), Novagen (Bilerica, MA, USA), Junsei (Tokyo, Japan), RBC Bioscience (Taipei, Taiwan), and AstaTech (Bristol, PA, USA), respectively. BugBuster® reagent for cell lysis and fast column kit for Ni-NTA purification were bought from Quiagen (Valencia, CA, USA). Hemin, ABTS, VA, Reactive Black5, Reactive Blue19, and veratryl aldehyde were purchased from Sigma-Aldrich (St. Louis, MO, USA).

VA oxidation test using Bacillus species
----------------------------------------

Lignin-degrading activity was screened by oxidation of VA to veratryl aldehyde. Four *Bacillus* species, *B. subtilis* KCTC 2023, *B. subtilis* ATCC6051, *B. licheniformis* ATCC14580 and *B. amyloliquefacience* *subsp. plantarum* 10A6 were grown in Luria-Bertani (LB) media for two days (optical density at 600 nm = 1.5--1.9) and centrifuged (13,000 rpm, 10 min, and 4°C) for obtaining cell-free supernatant including secreted proteins. For VA oxidation test, 2.0 mM of VA and 0.4 mM of H~2~O~2~ were added into 0.5 ml of cell-free supernatant in total volume of 1 ml (pH 3.0 and 30°C). The catalytic product veratryl aldehyde (ε~310,\ veratryl\ aldehyde~ = 9.3 mM^−1^cm^−1^) was detected at 310 nm using UV-spectrophotometer (Cary60, Agilent, CO, USA).

Cloning and construction of expression vector
---------------------------------------------

After growing *B.subtilis* KCTC2023 in LB media, cells were harvested by centrifugation (13,000 rpm, 10 min, and 4°C) and genomic DNA was extracted using Genomic DNA purification kit (iNtRON Biotechnology, Korea). The PCR primers were designed based on the genome sequence of *B. subtilis* KCTC2023 (NZ_ADGS01000000). Gene encoding BsDyP (accession number:WP_003222196) was amplified with primers: 5′-AAAA[CATATG]{.ul}AGCGATGAACAGAAAAAGC-3′ (forward, *Nde*I site underlined) and 5′-AAAA[GAATTC]{.ul}CTA*GTGATGATGATGATGATG*TGATTCCAGCAAACGCTG-3′ (reverse, *Eco*RI site underlined, His tag coding sequence in italic). The PCR condition included an initial denaturation step at 98°C for 5 min, followed by 25 cycles of 98°C for 30 second, 54°C for 30 second, and 72°C for 1 min, with a final step of 72°C for 5 min using Phusion High-Fidelity DNA Polymerase. The PCR product was cloned into the pET-21a(+) vector.

Expression, purification, and reconstitution of BsDyP
-----------------------------------------------------

*E.coli* BL21 (DE3) with pET-21a(+) containing the gene for BsDyP was grown in 5 mL of LB medium containing 50 μgmL^−1^ ampicillin and incubated at 37°C shaking 180 rpm. After overnight incubation, the culture was inoculated into 100 mL of fresh LB medium including 50 μgmL^−1^ of ampicillin and incubated at 37°C shaking at 200 rpm until the optical density at 600 nm was reached at 0.8. For induction, IPTG was added to a final concentration of 1.0 mM and further cultivation was conducted at 18°C for 24 hours, shaking 150 rpm to improve the expression level[@b1]. Then, the cell was harvested by centrifugation (8000 rpm, 20 min, and 4°C) and the pellet was stored at −20°C until purification.

For cell lysis, the harvested cell pellet was re-suspended in 4 mL BugBuster® reagent and incubated on ice for 1 hour, shaking 100 rpm. The lysate was purified using Ni-NTA fast column kit and finally 1 mL of purified BsDyP was obtained.

In order to reconstitute the native-BsDyP, 10 μL of hemin solution (10 mgmL^−1^) in dimethylsulfoxide was added to the purified BsDyP and then incubated on ice for 1 hour, shaking 100 rpm[@b12]. For calculating the R~z~ value (A~soret~/A~280~)[@b12], native- and reconstituted-BsDyP were scanned using a UV-spectrophotometer (Cary60, Agilent, CO, USA) from 500 nm to 250 nm. The concentration of the native- and the reconstituted-BsDyP was quantified by Bradford reagent using bovine serum albumin as a standard protein.

Activity assay
--------------

BsDyP activity was assayed using a UV-spectrophotometer (Cary60, Agilient, USA) at the maximum absorption wavelength of each substrate or product. The assay was initiated by adding 100 μM of hydrogen peroxide and 157 μgmL^−1^ of BsDyP into the substrate solution and conducted at the optimum condition; ABTS, VA, and VGE at pH 3.0 and 50°C; Reactive Black5 and Reactive Blue19 at pH 3.0 and 30°C. The wavelength and molar extinction coefficient for each substrate or product were as following: ABTS, ε~420~ = 36 mM^−1^cm^−1^; veratryl aldehyde, ε~310~ = 9.3 mM^−1^cm^−1^; Reactive Black5, ε~597~ = 37 mM^−1^cm^−1^; Reactive Blue19, ε~595~ = 10 mM^−1^cm^−1^ [@b12][@b22].

For determining the optimum pH, 50 mM of KCl-HCl buffer for pH 1.5-pH 2.0 and 50 mM of acetate buffer for pH 3.0-pH 5.0 were used at 30°C. For the temperature optimum, 50 mM of acetate buffer was used for all substrate. The specific activities shown in [Table 1](#t1){ref-type="table"} were assayed at the optimum pH and temperature for each substrate.

VGE decomposition with stepwise addition of hydrogen peroxide
-------------------------------------------------------------

For VGE decomposition, 0.2 mM of VGE in 1.0% ethanol and 1.9 mgmL^−1^ of reconstituted-BsDyP were used. The reaction initiated by adding 100 μM of hydrogen peroxide. The total reaction volume was of 2.0 mL. During the reaction, the pH and temperature were maintained at pH 3.0 (50 mM acetate buffer) and 50°C. At every sampling point, 100 μM of hydrogen peroxide was added after sampling. VGE and veratryl aldehyde were analyzed by HPLC (Agilent, CO, USA). The HPLC procedure was performed by injecting fractions using an Agilent 1200 HPLC system onto a reverse-phase Eclipse XDB-C18 column (4.6 × 150 mm, 5 μm, Agilent). Gradient separation was performed from 0.1% aqueous trifluoroacetic acid (solvent A) to methanol-acetonitrile (25:75; v/v; solvent B) using the following conditions: flow 1.5 mLmin^−1^; column temperature 30°C; time 0 min--15% B, time 2 min--30% B, time 11 min--60% B, time 11.5 min--100% B, time 13 min--0% B. Using the diode array detector, VGE and veratryl aldehyde were detected at 280 nm and 310 nm, respectively. Before injection, the sample was filtered through a PTFE hydrophilic 0.2 μm membrane filter. The conversion rate was calculated from the consumption of VGE[@b31].
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![VA oxidation activity with cell-free supernatant of four *Bacillus* species.\
2.0 mM of VA, 0.4 mM of hydrogen peroxide, 0.5 mL of cell-free supernatant were used (total volume: 1 mL). The catalytic product veratryl aldehyde was measured at 310 nm using UV-spectrophotometer (ε~310,\ veratryl\ aldehyde~ = 9.3 mM^−1^cm^−1^).](srep08245-f1){#f1}

![R~z~ value (A~soret~/A~280~) and ABTS oxidation activity of native- and reconstituted-BsDyP.\
For ABTS oxidation, 1.0 mM of ABTS and 210 μgmL^−1^ of BsDyP were used (pH 3.0 and 30°C). The catalytic product was measured at 420 nm (ε~420~ = 36 mM^−1^cm^−1^).](srep08245-f2){#f2}

![Relative activity of BsDyP (157 μgmL^−1^) (A) at various pHs (temperature at 30°C) and (B) at various temperatures (pH at 3.0).](srep08245-f3){#f3}

![Decomposition of veratryl glycerol-β-guaiacyl ether (VGE) to veratryl aldehyde and guaiacol.](srep08245-f4){#f4}

![Decomposition of VGE (0.2 mM) to veratryl aldehyde at pH 3.0 and 50°C.\
BsDyP (1.9 mgmL^−1^) was used with stepwise addition of hydrogen peroxide (100 μM) at every sampling points (0, 30, 60, and 90 min).](srep08245-f5){#f5}

###### Specific activities of bacterial peroxidase using various substrates

  Origin                           Biocatalyst        Substrate        Assay condition   Specific activity (U/mg protein)                 Ref.                
  ------------------------------- ------------- --------------------- ----------------- ---------------------------------- ---------------------------------- ------------
  *Thermobifida fusca*                 DyP         Reactive Blue19           3.5                        25                                4.28                   [@b22]
                                                   Reactive Black5           3.5                        25                                0.06                      
                                                      Guaiacol               3.5                        25                                0.03                      
                                                 2,6-dimethoxyphenol         3.5                        25                                0.17                      
                                                         VA                  3.5                        25                                0.01                      
  *Anabaena* species                   DyP         Reactive Blue19           4.8                        35                                401                    [@b30]
                                                   Reactive Black5           4.4                        35                                 21                       
  *Rhodococcus jostii* RHA1            DyP              ABTS                 5.0                        30                  1.54[a](#t1-fn2){ref-type="fn"}      [@b12]
                                                        ABTS                 5.0                        30                  13.09[b](#t1-fn3){ref-type="fn"}        
                                                         GGE                 5.5                        30                  0.017[b](#t1-fn3){ref-type="fn"}        
  *Pseudomonas putida* MET94           DyP              ABTS                  5                       10--30                               40                    [@b26]
                                                         VA                   5                       10--30                          6.2 × 10^−6^                  
  *Bacillus subtilis*                  DyP              ABTS                  4                       20--30                               15                       
  *Acinetobacter calcoaceticus*        LiP               VA                  1.0                        50                               0.043                   [@b23]
  *Bacillus subtilis*                  DyP              ABTS                 3.0                        50                               66.80                 This study
                                                         VA                  3.0                        50                                0.13                      
                                                         VGE                 3.0                        50                               0.086                      
                                                   Reactive Blue19           3.0                        30                               11.55                      
                                                   Reactive Black5           3.0                        30                               17.65                      

One unit (U) corresponds to 1 μmole of product per minute.

^a^Assayed without MnCl~2~;

^b^Assayed with MnCl~2~.
